A combination process was developed in laboratory scale including microwave (MW) coagulation and iron/carbon micro-electrolysis (Fe/C ME) in series for treatment of heavy oil produced water (HOPW) with high concentrations of oil and chemical oxygen demand and high corrosion rates. The effects of coagulant dosage, MW irradiation time, settling time, and Fe:C mass ratio on the actual treatment results were investigated. The use of MW irradiation brought some benefits including enhancing oil removal, reducing coagulation consumption, shortening settling time and lowering corrosion rate.
INTRODUCTION
During oil exploitation, a large amount of wastewater is produced in oilfields. This kind of wastewater, generally called oilfield produced water, is designated as the wastewater generated after separation from oil using three-phase separators (Lu & Wei ) . In China, some oilfields such as the Liaohe Oilfield are abundant in heavy oil resources. Polymers, surfactants and some other chemicals are injected into heavy oil reservoirs to enhance crude oil recovery ( Jiang et al. ) . Thus, heavy oil produced water (HOPW) is more difficult to treat than conventional produced water due to the presence of high concentrations of polymers, surfactants and heavy mineral oil (Ji et al. ) .
Traditionally, coagulation, sedimentation, filtration and their combinations are widely used to treat produced water in many Chinese oilfields. However, these primary processing technologies have a low capability to remove soluble chemical oxygen demand (COD) and sterilize microorganisms from the wastewater, making the effluent quality not satisfy the reuse requirement for reinjection in oilfields (Wu & Wang ) .
In general, conventional produced water could be efficiently treated by biological processes alone (Dong et al. ; Lu et al. ) . However, it will be difficult to remediate However, the wastewater used in these studies was a mixture of produced water and several other wastewaters, and thus the COD was reduced to around 200 mg/L. Therefore, more effective treatment is necessary for such wastewater before release into the environment or reinjection into the stratum.
Coagulation is an applicable and effective method for Recently, the iron/carbon (Fe/C) micro-electrolysis (ME) process has become a cost-effective and operationally simple technology for treating recalcitrant wastewater including oilfield produced water (Zhu et al. ; Zhang ) . Iron chips (Fe 0 ) and granular activated carbon (GAC) are commonly used as electrolytic materials of the Fe/C ME system. In the Fe/C ME system, GAC was added as cathode to increase the current efficiency of the Fe/C ME system because of its conductance and high adsorption capacity. When a mixture of Fe 0 and GAC is in contact with wastewater, numerous macroscopic galvanic cells are formed between Fe 0 and GAC, and also in the interior of 
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MATERIALS AND METHODS

Chemicals and materials
Polyacrylamide ( to be 5 mm wide and 50 ± 10 μm thick. All other reagents used in the experiments were of analytical-reagent grade or higher purity and were used without further purification.
Wastewater sample
The HOPW in this study was obtained from the Liaohe Oilfield located in Liaoning Province, China. This oilfield is rich in heavy and ultra-heavy oil resources. After transporation to the laboratory, the wastewater was settled for 2 days at room temperature to skim off the floating oil. The main pollutants in this wastewater were mineral oil and partially hydrolyzed polyacrylamide (HPAM) ( Table 1 ). As measured, heavy oil in this wastewater had a density of 1.02 g/cm 3 , a freezing point of 36 W C, a wax content of 2.5%, and a viscosity of 50,620 mPa s. The wastewater parameters measured are shown in Table 1 . As shown, this oil-in-water emulsified wastewater was characterized by poor nutrient levels with a 5-day biological oxygen demand (BOD 5 ):
COD ratio of 0.09-0.11, and a COD:TN:TP ratio of 3,790:122:1 after primary oil floatation.
Coagulation tests
All coagulation experiments were conducted in 1.0 L glass beakers using a programmable jar-test apparatus (Model DC-506, Shanghai Waterworks Company, Shanghai, MW enhanced coagulation experiments were conducted using a domestic MW oven (frequency 2.45 GHz, the Guangdong Galanz Group Co., Ltd, Foshan, China).
A hole was drilled in the oven top to allow the stirrer to pass through it. The sample beaker (containing 0.5 L wastewater) was placed in the middle of the oven tray, using 500 W of irradiation power. MW irradiation coagulation tests were conducted for specific times, with variation in PACl dosage, PAM dosage, MW irradiation time, and settling time. The effect of each factor was studied by
fixing the values of other factors. The stirring step was identical to that without MW irradiation. After irradiation, a thermometer was immediately inserted into each sample to measure instantaneous temperature in the solutions.
The oil floating on the water surface was skimmed out using filter paper.
The reproducibility of coagulation tests was evaluated through the repetition of experiments. One sample within each set of coagulation tests was repeated three times in order to assess the reproducibility of the test method. The maximum fluctuation in the results, for a given set of experimental conditions, was found to be below 10%. For a high proportion of MW enhanced coagulation, a variation of only ±2.7% was found.
Fe/C ME tests
After the MW coagulation treatment under optimum conditions, the wastewater was subjected to the ME process.
To investigate the optimum Fe:C mass ratio, batch tests were first conducted in beakers containing 100 mL wastewater. The dosage sum of iron shavings (or MGs) and AC was fixed at 10 g/L while varying the Fe:C mass ratio as 1:6, 1:5, 1:4, 1:3, 1:2, 1:1, 2:1, 3:1, 4:1, 5:1, and 6:1, respectively. The mixture was stirred at 200 rpm for 3 h, and then was analyzed. To eliminate the adsorption effect, the AC was saturated with the wastewater for 24 h prior to use.
Based on the optimum Fe:C mass ratio, the subsequent experiments were carried out using an ME reactor in a con- were enumerated by the vanish dilution method. In addition, the corrosion rate was determined using the carbon steel Q235 through the weight-loss method according to standard methods (ASTM ).
RESULTS AND DISCUSSION
Effect of PACl dosage
Oil content is one of the most important water quality parameters for reinjection water in oilfields, and there is no requirement for the COD concentration. Thus, oil concentration was selected as a primary evaluation index for the present study.
To study the effect of PACl dosage on oil removal, jar oil from oilfield produced water through MW application, which was apparently higher than that obtained in the present study (27.2%, Figure 1(a) ). This could be due to the presence of HPAM residue in the HOPW in this study.
The HPAM residue can significantly enhance the stability of oil-in-water emulsions (Ma et al. ) . However, there existed limiting values for the destruction of the interfacial film and the zeta potential of oil droplets.
In addition, if the irradiation time was too long, the water temperature would become very high and even reach boiling point. Therefore, the optimum operating conditions for MW irradiation were 600 W of power and 150 s of irradiation.
Effect of settling time
In general, an increase in settling time may enhance separation efficiency. To investigate the effect of settling time on oil removal of the HOPW, batch experiments were conducted at settling times of 0-60 min, while fixing the MW power at 600 W and the dosages of PACl and PAM at the respective optimum values.
It is seen from Figure 3 that the removal efficiency of oil increased continuously with increasing settling time up to ation levels improved little if settling time was further increased, and we concluded that a settling time of 15 min and 30 min was optimal with or without MW, respectively.
Thus, it can be found that MW irradiation could shorten settling time and enhance separation efficiency.
Over treatment performance of coagulation process
Based on the aforementioned results, the optimum conditions for MW coagulation were: 500 mL wastewater, (Table 1) to 952 mg/L (Table 2) , corresponding to 43.6% removal. This value was lower than the oil removal (66.5%, Figure 1(a) ), which was attributed to the fact that some dissolved pollutants were not removed by MW irradiation and coagulation. In addition, a high removal of SS (more than 90%) was achieved (Table 2) 
Effect of Fe:C mass ratio
To investigate the optimum Fe:C mass ratio, batch ME experiments were performed on the HOPW treated under the optimum process conditions of MW coagulation found above. Figure 4 illustrates the oil removal efficiencies of the wastewater by iron shavings/AC ME and MGs/AC ME systems at different mass ratios. The results suggest that oil removal was highest with an iron shavings:AC mass ratio Higher or lower Fe:C mass ratios would result in decreasing removal efficiency. In addition, no significant difference was observed in oil removal efficiency between the two systems.
In an Fe/C ME system, iron particles serve as an anodic metal, providing electrons for organic destruction, while AC particles act as cathodes to form macroscopic galvanic cells by contacting iron particles (Zhang ) . When the Fe:C mass ratio reaches a certain value, the total surface area of iron and carbon particles is similar, which is helpful for the formation of macroscopic galvanic cells. Fewer carbon particles cannot exert the best internal electrolysis efficiency, whereas more carbon particles can inhabit much more space of iron particles and hinder the reactions (Zhang ). Therefore, mass ratios of 4:1 for iron shavings/AC and 2:1 for MGs/AC were selected in the following studies.
Performance of ME reactors Figure 5 shows the oil concentrations in the influent and effluent of the two ME reactors during the 30-day study period. In the initial 8 days of continuous running, the effluent oil concentration was lower than 15 mg/L in the iron shavings/AC ME system. Afterwards, the effluent oil concentration in this system continuously went up and reached about 30 mg/L at day 30. In the MGs/AC ME system, by contrast, the effluent oil concentration only increased a little and was maintained below 10 mg/L until the end of the experiments (Table 2 ). The average value of effluent oil concentration was 7.2 mg/L in the MGs/AC ME system, and other indexes also decreased obviously (Table 2) . Especially, the BOD 5 /COD ratio was remarkably improved after the ME treatment, indicating that this effluent could easily be further treated by biological methods.
The total removal efficiencies for oil, SS and corrosion rate were 95.5%, 98.3% and 96.5%, respectively, in the combined MW coagulation-MGs/AC ME system.
Passivation of iron is inevitable for Fe/C ME reactions (Cheng et al. ) . As the ME reactions proceed, more and more ferrous and ferric hydroxides are produced and precipitate on the surface of the iron. This passivation layer would become thick with time in long-term operation, block the electron transfer between the iron and the waste- 
